Introduction
Cardiac resynchronization therapy (CRT) is indicated (class I) in patients with left ventricular ejection fraction (LVEF) < 35%, left bundle branch block (LBBB), or QRS duration of 150 ms or more. In contrast, the benefit of CRT in patients with intermediate QRS duration (120-150 ms) or with a non-LBBB morphology remains unclear. 1 In addition, around 30% of patients fail to improve and may even deteriorate after CRT. 2 Despite initial encouraging results, a multicentre report failed to demonstrate any benefit from the use of echocardiography-based mechanical dyssynchrony in predicting heart failure (HF) symptom improvement or reverse remodelling after CRT. 3 Furthermore, important concerns were raised regarding feasibility and reproducibility of echocardiographic parameters in routine clinical settings. 3 Hence, current guidelines do not recommend echocardiographic assessment of dyssynchrony to improve patient selection for CRT.
In patients with LBBB, the inter-ventricular septum has a specific motion, characterized by short-lived early events, followed by paradoxical septal motion. 4 The so-called 'septal flash' (SF) has been associated with favourable LV reverse remodelling and better outcome following CRT. 5, 6 Longitudinal speckle tracking strain echocardiography has been recently used for the assessment of septal motion, by demonstrating various septal deformation patterns, among HF patients with LBBB, 7 with two patterns (1 and 2) sturdily linked to LV reverse remodelling following CRT. 8 However, their clinical significance has not been thoroughly investigated. Hence, the present report aims at (i) demonstrating that septal deformation patterns would be independent predictors of clinical outcomes beyond current clinical, electrocardiographic, and echocardiographic predictors in HF patients receiving CRT; (ii) evaluating the prognostic impact of septal deformation patterns in patients with intermediate QRS duration (120-150 ms); and (iii) evaluating whether assessment of the septal motion by septal deformation patterns provides a better predictive value than classical assessment of the SF.
Methods

Study population
Clinical, electrocardiogram, and Doppler-echocardiographic data were collected in patients referred for CRT implantation in the context of two registries from two hospitals (Lille and Rennes). Data of both centres were pooled together. The present study is a retrospective analysis of the pooled data of these two registries. CRT was indicated for patients with LVEF < _ 35% who remained in NYHA functional class II, III, and ambulatory IV, despite optimal medical treatment and QRS duration > _ 120 ms in the event of LBBB morphology or with QRS duration > _ 150 ms in the event of non-LBBB morphology. 9 ,10 Exclusion criteria were (i) myocardial infarction, acute coronary syndrome, or coronary revascularization in the past 3 months; (ii) primary mitral or aortic valve disease; and (iii) uncontrolled rapid atrial fibrillation. Patients received a maximum tolerated dose of beta-blockers, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, and spironolactone. Blood was sampled in the supine position for serum creatinine before CRT device implantation. Brain natriuretic peptide (BNP) levels were available in a subset of the study population (Triage assay; Beckman, Villepinte, France). Local ethics committee of each centre approved this study.
Echocardiography
Echocardiography was performed the day before CRT implantation, and at 6-to 9-month follow-up, in most patients, with a GE Vivid E9 or 7 ultrasound system (General Electric healthcare, Velizy, France).
Longitudinal two-dimensional speckle-tracking strain curves were analysed offline using a dedicated workstation (EchoPAC PC release BT12; GE Vingmed Ultrasound AS). Global longitudinal strain was the average of segmental peak systolic longitudinal strains from the three apical views. 11 Speckle-tracking software was used to derive septal deformation from the single-wall recordings. The region of interest was set along the endocardial border from base to apex, excluding the apical cap and adapted to match wall thickness. Global wall deformation was used for analysis. Septal deformation patterns ( Figure 1) were classified on the basis of the septal shortening and stretching sequence. 7 Pattern 1 was considered in case of double peaked systolic shortening, pattern 2 in case of early shortening peak, followed by prominent systolic stretching, and pattern 3 in case of pseudo-normal shortening with a late systolic shortening peak and/or if pattern 1 and 2 criteria were not met. 7 If amplitude of the peaks were within 150% relative range of each other, more than one systolic peak and pattern 1 were adjudicated. 7 Early septal thickening/thinning within the isovolumic contraction period defined the SF. The SF could be visualized on the short-or long-axis parasternal views either by using gray scale or tissue Doppler colour M-mode. Basal, mid, and apical segments of the septum were checked for SF presence. 5, 6 Septal strain tracing associated with pattern recognition and identification of the SF were independently performed offline in a centralized core laboratory in Lille by two trained independent investigators (A.M. and C.G.) blinded to the patients' clinical status and follow-up data. Reproducibility of septal deformation patterns was tested offline in the entire cohort by another trained investigator (S.M.). To evaluate inter-observer agreement of septal deformation patterns, all acquired grey-scale 2D images obtained from the apical four-chamber view were available to the second observer. Strain analysis of the interventricular septum was independently performed by the second observer, and pattern recognition was performed on the basis of this independent analysis. Change in LV end-systolic volume (DLVESV) was defined as the extent of reduction in LVESV between baseline and 6-9 months follow-up relative to baseline LVESV. Response to CRT was defined as a relative decrease in LV end-systolic volume > _15%, between baseline and 6-9 months follow-up. 12 DLVEDV, DLVEF, and DGLS were defined as the differences between baseline and 6-9 months follow-up values.
Outcomes
During follow-up, patients were monitored by their own private physicians. Events were recorded by clinical interviews and/or by phone calls to physicians, patients, and (if necessary) next of kin. The primary endpoint of the study was overall mortality and secondary endpoints were cardiovascular mortality and hospitalization for HF. Cardiovascular mortality was considered if death was related to HF, myocardial infarction, arrhythmia, or sudden death.
Statistical analysis
Quantitative data are presented as mean ± standard deviation or median [25th-75th percentile]. Qualitative data are presented as absolute numbers and percentages. Comparison of the means was carried out using a paired two-sided Student's t-test or Mann-Whitney U test. Continuous variables for the three groups of septal deformation patterns were compared using one-way analysis of variance or Kruskal-Wallis test.
Comparison of categorical variables was carried out using a chi-square test or a Fisher exact test as appropriate. The duration of follow-up was computed for each endpoint using the reverse Kaplan-Meier method. Survival curves were obtained using the Kaplan-Meier method. Univariate followed by multivariate Cox regression survival analyses were used to identify the relationship between septal deformation patterns, SF, and occurrence of events during follow-up. For both multivariate Cox analyses, model building techniques were not used and covariates entered in the model were considered for potential prognostic impact, on an epidemiological basis. These covariates included QRS duration, NYHA functional classes III-IV, age, coronary artery disease, serum creatinine levels, LBBB, and LVEF. The overall performance of the multivariable models was assessed using Bayesian information criteria. The increased discriminative values of septal deformation patterns and SF were investigated by estimating the C statistics. The integrated discrimination improvement and the net reclassification improvement were Septal deformation patterns before CRT and outcome determined, to further describe the added utility of both parameters when added to the multivariable model. Hazard ratios (HRs) for continuous variables in Cox models were rescaled by the within-study standard deviation. Cohen's kappa for two raters was obtained to assess interobserver agreement of septal wall deformation patterns. Adjusted Cohen's kappa bootstrap confidence interval was obtained using 1000 samples (boot library in R). For all tests, a two-tailed P-value < _ 0.05 was considered statistically significant. Statistical analysis was performed with R 3.0.3 (Youngstown, OH, USA).
Results
Baseline characteristics
Two hundred and eighty-four HF patients eligible for CRT were enrolled in the present study. Patient's characteristics are detailed in Table 1 . Two hundred and thirteen patients (75%) had a LBBB, 30 (11%) had a non-specific intra-ventricular conduction delay, 6 had a RBBB (2%), and 35 had permanent right ventricular pacing (12%). Patterns 1 and 2 were observed in 104 (37%) and 64 (22%) patients, respectively ( Table 1) . More patients with pattern 3 (n = 116, 41%)
were male and LBBB was found less often; they also had shorter QRS duration, had ischemic heart disease, LV myocardial scarring, and atrial fibrillation compared with patients with pattern 1 or 2. Survival from all-cause mortality at 1 year, 2 years, and 3 years was, respectively, 95 ± 5%, 91 ± 6%, and 88 ± 8% in patients with pattern 1; 100%, 100%, and 94 ± 6% in patients with pattern 2; and 88 ± 6%, 76 ± 8%, and 61 ± 11% in patients with pattern 3 ( Figure  2 ). All-cause mortality was higher in patients with pattern 3, compared with patients with either pattern 1 (P = 0.002) or pattern 2 (P = 0.004). Similarly, cardiovascular mortality and HF hospitalization rates were higher in patients with pattern 3 than for patients with either pattern 1 (P = 0.012 and P <0.001, respectively) or pattern 2 (P = 0.020 and P = 0.002, respectively). Survival free from all-cause mortality, cardiovascular mortality, and hospitalization for HF was similar between patients with patterns 1 and 2 (P > 0.05 for all comparisons). Survival from overall mortality, cardiovascular mortality, and hospitalization for HF in patients with a septal pattern 1 or 2 compared with patients with a septal pattern 3 is represented in Figure 3 .
Using Cox univariate analysis ( Table 2) , pattern 3 was associated with a significantly increased risk of all-cause mortality [HR = 4.41, 95% confidence interval (CI): 2.21-8.80, P < 0.001], cardiovascular mortality (HR = 4.82, 95% CI: 1.91-12.14, P < 0.001), and HF hospitalization (HR = 4.48, 95% CI: 2.36-8.49, P < 0.001) compared with patients with pattern 1 or 2. After adjustment, patients with pattern 3 still displayed an independent increased risk of overall mortality, cardiovascular mortality, and HF hospitalization compared with patients with pattern 1 or 2 ( Table 2) .
A follow-up echocardiogram was performed in 256 patients at 6-9 months follow-up. Twelve patients did not attempt their echocardiographic examination and 14 died before the second echocardiogram. Echocardiographic data and their changes during the follow-up are presented in Table 3 . DLVESV, DLVEDV, DLVEF, and DGLS significantly differed in patients with a septal deformation pattern 3 compared with those with a septal deformation pattern 1 or 2. 
Septal deformation strain pattern and outcome in patients with 120-150 ms QRS duration
Characteristics of the 61 patients with QRS duration 120-150 ms, compared with patients with a QRS duration > _ 150 ms are detailed in Supplementary data online, Table S1 . Frequency of septal patterns 1-2 was lower in this subgroup of patients compared with patients with QRS width > 150 ms (44 vs. 63%, P = 0.01). Survival free from allcause mortality, cardiovascular mortality, and from HF hospitalization was lower in patients with a pattern 3 compared with those with a patterns 1-2 (P = 0.005, P = 0.013, and P = 0.019, respectively, Figure 4 ).
Comparison with the SF
All-cause mortality, cardiovascular mortality, and HF hospitalization were lower by univariate analysis in patients with a SF than in those without (all log rank P-value < 0.05, Figure 5 , see Supplementary data online, Table S2 ). The addition of septal deformation pattern to the multivariate model improved risk prediction and discrimination ( Table 4) . In contrast, adding the absence of SF to the same multivariate models did not improve risk prediction and discrimination ( Table 4) . In Figure 6 , survival free from mortality, cardiovascular mortality, and HF hospitalizations, respectively, according to presence of the SF and/or septal patterns are shown. 
Reproducibility
A suitable inter-observer agreement was found for septal deformation patterns in three categories as indicated by a kappa value at 0.82 (95% CI: 0.75-0.88).
Discussion
This study indicates that (i) septal deformation patterns are powerful independent predictors of clinical outcomes in addition to current predictors of outcome in CRT candidates; (ii) the prognostic value of septal deformation patterns remains unaltered in patients with intermediate QRS duration (120-150 ms); and (iii) the value of septal deformation patterns in terms of risk prediction and discrimination is significantly higher than the value of the SF. The LBBB is identified by an early deformation of the septum due to contraction of the right ventricle free wall (the SF, identified visually or using M-mode, and/or tissue Doppler imaging), which is unopposed as contraction of the LV free wall is delayed due to the conduction delay. 4 Presence of the SF is associated with reverse remodelling following CRT. 5 The SF has, however, some disadvantages, such as limited value at rest. 5, 13 In contrast, dobutamine stress echocardiography may enhance the identification of SF to better predict LV reverse remodelling following CRT. 13 Echocardiographic identification of SF was recently included in a multiparametric predictive score of LV reverse remodelling. 14 In the recent PREDICT-CRT trial, both the absence and unsuccessful correction of SF were associated with both a high risk for non-response after CRT and unfavourable long-term survival. 6 Importantly, inter-observer agreement for SF was only moderate here, with a kappa value of 0.71. In agreement with previous reports, a relationship was found in this present report, between SF and outcomes in univariate analysis. However, the relationship was weakened after adjustment for classical predictors of outcome in HF, thereby indicating the possibility Septal motion can also be evaluated using speckle tracking longitudinal strain. Leenders et al. 7 used computer-based simulation in humans, to report that the septal deformation pattern integrates the effects of dyssynchronous activation of the heart and differences in septal and LV free wall contractility, hence providing integrated information on two key determinants of CRT response. Pattern 1 was obtained by simulating typical LBBB dyssynchrony of ventricular activation with preserved septal and LV free wall contractility. Therefore, after the initial shortening, a second motion toward the LV was observed after equalization of the wall stress between the septum and free wall, during the ejection phase ( Figure 1) . Pattern 2 was obtained by additionally imposing septal hypocontractility to the activation delay, hence resulting in a dyskinetic motion of the septum within the whole systole because it cannot counterbalance the increase in LV pressure owing to the preserved LV free wall contraction ( Figure 1) . Lastly, deterioration in LV free wall contractility resulted in pattern 3; in this case, septal contraction is prolonged, because the free wall cannot generate wall stress against the septum to stop septal inward motion and push back toward the right ventricle ( Figure 1) . In addition, the presence of extensive LV fibrosis may be We previously demonstrated in a prospective pilot study involving patients with LBBB receiving CRT that patterns 1 and 2 were highly predictive of CRT response after CRT. 8 The present prospective study builds on previous reports showing that septal deformation patterns are strong predictors of a poor outcome over classical prognostic factors in HF, including baseline QRS width and presence of a LBBB, in a larger cohort of patients receiving CRT. Patients with a pattern 1 or 2 have an excellent outcome following CRT compared with patients with a pattern 3. This finding is consistent with Risum et al., 15 showing that the identification of an activation delay between septal and lateral LV walls by longitudinal speckle tracking strain echocardiography may be more predictive of outcome than strict LBBB criteria on electrocardiogram in CRT recipients. Importantly, the proportion of patients with pattern 1 or 2 is lower in patients with intermediate QRS duration (120-150 ms) compared with patients with wide QRS (44 vs. 63%, P = 0.01). Consistently, we previously reported that pattern 1 or 2 was very rare in HF patients with reduced LVEF and narrow QRS (QRS duration <120 ms). 16 In a meta-analysis of five CRT randomized control trials, the benefit of CRT in terms of outcome was greater in patients with wide QRS (QRS > 150 ms), compared with those with a QRS duration between 120 and 150 ms who seemed to not gain any benefit from CRT. 1 Findings of the present study may be of importance, as patients with septal deformation patterns 1 or 2 identified among patients with intermediate QRS duration, are associated with an excellent outcome after CRT.
Patients with a pattern 3 may have a poor outcome and response rate to CRT because of more advanced HF, as indicated by an older age, a high proportion of male patients, a high frequency of CAD, a narrower QRS duration, and a lower frequency of LBBB. However, the prognostic value of septal deformation patterns persists even after adjustment on these factors linked to outcome and to the absence of response to CRT in HF patients. In addition, among patients with an indication for CRT, septal deformation patterns identify those with an excellent outcome (1-2 patients) when compared with others (3). Unfortunately, the natural history of patients with LV dysfunction and enlarged QRS according to septal deformation patterns cannot be assessed, as CRT is firmly recommended in these patients.
Limitations
Septal deformation patterns were not studied during the follow-up; further research is needed to describe a classification of these patterns during biventricular pacing. Patients with pattern 2 have a better outcome despite having higher LV volumes and lower LV ejection fraction and GLS than other patients as previously reported. 7 These patients have probably a less advanced stage of the disease than type 3 patients and derive more benefit of CRT as pattern 1 patients.
Besides the SF and septal deformation patterns, recent reports highlighted the value of new echocardiography indices of electromechanical dyssynchrony based on the contractile consequences of the intra-LV activation delay to predict LV response and outcome after CRT. 17 These indices include the LBBB-typical pattern by longitudinal strain, 15 presence of apical rocking, 6 and the systolic stretch index by radial strain. 18 To our knowledge, only one study compared the reproducibility and the predictive value of SF and apical rocking. 6 The predictive value of SF and apical rocking in terms of outcome was similar. Importantly, the inter-observer agreement for apical rocking was only moderate and similar to the SF, with a Kappa value of 0.71 for both. However, as indicated by Mada et al., 19 the reproducibility of the SF and/or apical rocking assessment is high for expert readers (Kappa = 0.90) but is poor for novice readers (Kappa = 0.25-0.53). In contrast, an automatic speckle tracking-based pattern analysis based on two indices of dyssynchrony responsive to CRT, yielded similar results in terms of reproducibility for both experts and novices (Kappa = 0.83, 0.85 and Kappa = 0.76, 0.88, respectively). Consistently, the visual septal deformation pattern recognition, which is in principle very comparable to the automatic speckle tracking based pattern analysis, had a similar reproducibility in the present report (Kappa = 0.82). Further large multicentre studies are needed to evaluate the reproducibility and the comparative predictive value of these indices of dyssynchrony responsive to CRT. The higher plasma BNP levels observed in patients with a pattern 3 compared with other patients suggest that the hemodynamic status of the patients may influence the septal patterns. This hypothesis deserves however specific longitudinal studies.
Conclusions
The identification of septal deformation patterns in CRT candidates provides important prognostic information in addition to current clinical, electrocardiographic and echocardiographic predictors of outcome in HF patients. This reproducible parameter may be particularly useful in patients with intermediate QRS duration in whom the benefit of CRT remains uncertain.
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